The inhibitory effects of cortisol on cellular immunity were studied in vitro by using hamster peritoneal exudate cells. Two obligate, intracellular protozoaToxoplasma gondii and Besnoitiajellisoni -were used to control for specificity of effects. Results indicate that immune lymphocytes specifically confer immunity to (or "arm") macrophages that specifically express immunity. This arming can be inhibited by 5 ,ug of cortisol per ml. Macrophages that have been armed already will continue to express immunity (by limiting parasite growth specifically) in the presence of 5 ,ug of cortisol per ml. Cortisol levels of 20 ,ug/ml are required to inhibit the expression of immunity by armed macrophages. It was also found that lymphocytes, from hamsters given 20 mg of cortisol subcutaneously 2 days before the harvest of cells, did not arm macrophages, whereas macrophages from these same animals could be armed by immune lymphocytes from untreated hamsters. Therefore, it was concluded that in relation to cellular immunity, lymphocytes are more sensitive to cortisol than are macrophages. Since antibody to these parasites is almost always present in vivo, we also tested the effects of cortisol on the disposition of antibody-modified organisms by activated (not armed) macrophages, and found that 50 ,ug of cortisol per ml was needed to inhibit macrophage effects on antibody-treated organisms.
Corticosteroids are therapeutically useful in diseases involving immunologic, inflammatory or neoplastic processes, but have the serious side effect of diminishing defenses against infections (20) . This may be due to a reduction in the immigration of leukocytes into sites of inflammation (18, 20, 31) , to a decrease in the number of lymphocytes in lymphoid tissues (5) , to a suppression of antibody production (6, 8, 19) , or to an impairment of cell-mediated immunity (28) .
Since acquired immunity to Toxoplasma gondii and Besnoitia jellisoni has been shown to be due principally to cellular mechanisms (12, 21) , and since hamsters have been shown to be uniquely sensitive to corticosteroids (15) , we used the peritoneal exudate cells (PEC) from hamsters to determine which cells (macrophages or lymphocytes) and at what level (activation or effector mechanisms) cortisol has its effect on cellular immunity. Since antibody is almost always present in vivo, the effect of cortisol on macrophages inoculated with antibody-modified organisms was also studied. Results indicate that lymphocytes are more sensitive to cortisol than are macrophages since (i) lymphocytes can be inhibited from specifically Present address: VA Hospital, Tucson, AR 85723. conferring immunity to, or "arming", macrophages against either parasite with low doses of cortisol, (ii) once armed, macrophages remain able to inhibit parasite growth in the presence of the same low levels of cortisol, and (iii) armed macrophages are inhibited only by fourfold higher levels of cortisol than are lymphocytes. High levels of cortisol also inhibit the ability of macrophages to limit the growth of antibody-modified organisms.
MATERIALS AND METHODS Animals. Hamsters were female golden LVG/ LAK obtained from Charles River Lakeview, Newfield, N.J. Mice were female Carworth Websterderived stock supplied by Mid-Continent Research Animals, Inc., Shawnee, Kans.
Immunization, challenge, and infection. Hamsters received subcutaneous (s.c.) inocula of virulent tachyzoites (trophozoites) either of Toxoplasma gondii, RH strain, or of a cystless strain of Besnoitia jellisoni, as previously described (12, 16) . Sulfadiazine chemoprophylaxis was provided for 3 weeks, and hamsters were challenged after the fourth week. Survivors were considered homologously immune and placed in experimental groups 3 weeks after challenge. Tachyzoites of the same virulent strains were used for the in vitro infections.
Antisera. Blood was collected from etherized hamsters by cardiac puncture, and the serum was heat inactivated at 56°C for 30 (16) .
Preparation of hamster cell cultures. PEC were collected from hamsters that had been stimulated by intraperitoneal injection of 6 ml of 0.5% sodium caseinate (practical grade; Matheson Scientific, Inc.) autoclaved in saline. In addition, immunized hamsters received with the casein 105 homologous organisms disrupted by freezing and thawing and obtained from hamsters. After 1 to 5 days, cells were harvested by washing the peritoneal cavity with 6 ml of medium 199 containing 10% heat-inactivated fetal calf serum (HIFCS) and antibiotics (100 U of penicillin and 100 ,g of streptomycin sulfate per ml). Suspensions were washed once at 40C by sedimentation (100 x g for 8 min) and adjusted to 106 macrophages per 0.3 ml. Three coverslips (22 by 22 mm) were alcohol-cleaned, heat-sterilized, and placed in polyethylene petri dishes (100 by 15 mm). Each coverslip was overlaid with 0.3 ml of the washed cell suspension and incubated for 1 h at 370C in an atmosphere of 5% CO2 in air. Following adherence of macrophages, lymphocytes were removed with a direct spray of medium from syringe and needle.
Lymphocytes were derived from the same PEC suspensions. Washed cells were adjusted to 106 per ml, and 10 ml was dispensed into petri dishes without coverslips. After an adherence period of 1 h at 370C in an atmosphere of 5% CO2 in air, the nonadherent cells were washed free with medium, concentrated by sedimentation (100 x g), and adjusted to 106 per 0.3 ml.
Effects of cortisol. Two days before the harvest of PEC, "stimulated" hamsters were injected s.c. with 20 mg of commercial cortisol (hydrocortisone-free alcohol; Upjohn Co., Kalamazoo, Mich.) suspended in 1 ml of sterile vehicle containing carboxymethylcellulose, polysorbate, and benzyl alcohol (Upjohn). Measurement and analysis of in vitro assays. At 1, 16, and 24 h postinfection, coverslips were removed from petri dishes and dried, and fixed with methanol (for 5 min), stained with Giemsa (2 drops per ml for 8 min), and mounted on slides for microscopic examination. The number of parasites per 100 macrophages was determined for three replicates of each experiment and expressed as the mean ± 95% confidence limits (35) . A minimum of 30 high-power fields (i.e., more than 800 macrophages) was counted on each slide.
RESULTS
(i) Antigenic stimulation of peritoneal cells and expression of immunity (Fig. 1) . The effects of four different variables on the expression of immunity are compared: first, the importance of antigen in the stimulating mixture; second, the length of time between peritoneal stimulation and harvest of cells; third, the importance of the presence of immune lymphocytes to mediate the immune response; and fourth, the effect of incubating antigen and immune lymphocytes with macrophages in vitro after harvest and prior to infection. When sodium caseinate alone was used in stimulating PEC, those cells harvested 5 days after stimulation showed a slight but reproducibly greater inhibition of parasite growth than cells harvested 1 day after stimulation. When specific antigen was added to the stimulating mixture, cells harvested after 1 day were already as effective as they were 5 days after stimulation without added antigen. Greater inhibition of parasite growth was observed when lymphocytes from immune hamsters were added to macrophages prior to infection and was greater still when specific antigen was also present in vitro.
(ii) Inhibition of growth of parasites by peritoneal macrophages armed either specifi- Fig. 2 and 3 ). Peritoneal macrophages from Toxoplasma-or Besnoitia-immune hamsters required the presence prior to infection of specifically immune lymphocytes to insure a significant decrease in the number of parasites per 100 macrophages 24 h after infection. The addition of lymphocytes from heterologously immune hamsters to macrophages resulted in no significant reduction in the number of parasites when compared with macrophages incubated in the absence of lymphocytes ( Fig. 2 and 3 ). Although antigen was necessary for maximal expression of immunity to Toxoplasma, lymphocytes from Besnoitiaimmune hamsters armed macrophages adequately even in the absence of specific antigen.
(iii) Expression of immunity by cells derived from hamsters treated with cortisol ( Fig. 4 and 5) . Lymphocytes from Besnoitia-or Toxoplasma-immune hamsters that had been treated with cortisol prior to the harvest of cells were unable to arm macrophages as measured by the number of parasites per 100 macrophages. That is, the presence of lymphocytes from cortisol-treated hamsters resulted in no significant differences in parasite number when compared with macrophages incubated in the absence of immune lymphocytes. On the other hand, macrophages from animals treated with the same dose of cortisol were capable of inhibiting parasite growth if incubated together with lymphocytes from homologously immune animals. Findings were similar for Besnoitia- (Fig. 4) or Toxoplasma-immune cells (Fig. 5) .
(iv) Effects of cortisol on immune and non- . (Fig. 6) .
(v) Effects of cortisol on arming of macrophages by lymphocytes ( Fig. 7 and 8 ). The addition of 5 ,ug of cortisol per ml to the culture medium after armed macrophages were infected did not modify the number of parasites at 24 h when compared to untreated armed macrophages. However, when 5 ,ug of cortisol per ml was added during the arming period, followed by infection, a significantly greater number of parasites per 100 macrophages was found than that found in normally armed macrophages. The addition of 20 pg of cortisol per ml to the culture medium, either before or after the arming period, resulted in a significant increase in the number of parasites in both Besnoitia- (Fig.  7) and Toxoplasma-immune (Fig. 8) cells.
(vi) Effects of cortisol on the ability of peritoneal macrophages to destroy antibodytreated parasites ( Fig. 9 and 10 ). To determine whether cortisol had any effect on the ability of peritoneal macrophages to destroy antibodytreated parasites, either Besnoitia (Fig. 9) or Toxoplasma ( Fig. 10) tion of macrophages, lymphocytes, and antigen was used in vitro. The reason that antigenstimulated PEC are better able to inhibit parasite growth could be due to the presence of a greater proportion of sensitized lymphocytes. An examination of the kinetics of the influx of cells to the peritoneal cavity of Besnoitia-immune hamsters after challenge with Besnoitia revealed that the number of macrophages and lymphocytes was greatest in homologously immune animals 5 days after challenge (21). This was not true for Besnoitia-immune animals stimulated with sodium caseinate alone or in Toxoplasma-immune hamsters stimulated with Besnoitia. It therefore seems likely that the increase in cell number is a specific response to a specific stimulus and, in our experiments, could lead to the earlier appearance of a greater percentage of sensitized lymphocytes in antigen-stimulated peritoneal cavities. Why PEC from hamsters stimulated with sodium caseinate alone were better able to inhibit parasite growth 5 days after than 1 day after stimulation may be related to a minimum length of time required for the sodium caseinate to nonspecifically attract immune cells into the peritoneum or to induce the alterations that are apparently necessary for them to express a minor inhibition of parasite growth. It should be emphasized that the addition of immune lymphocytes to macrophages in vitro, especially in the presence of specific antigen, as previously shown by Jones, Len and Hirsch (22) and Borges and Johnson (2), conferred greater immune effects on the macrophage populations than did nonspecific activation or attraction of a population of sensitized cells in vivo. For this reason, all subsequent experiments on the expression of immunity to Toxoplasma utilized cells that were incubated together with antigen for 3 h prior to infection to optimize their inhibitory capacity; this was found unnecessary in the Besnoitia system.
Because of some disagreement in the literature over the specificity of cellular immunity, we used two morphologically similar, but immunologically distinct intracellular parasitic protozoa to demonstrate specificity in our system. Results from previous experiments (13), together with those summarized in Fig. 2 and 3 , indicate that the immune response to one parasite does not lead to an immune response against the other either in vivo or in vitro. That is, cells that demonstrate immunity to Toxoplasma do not demonstrate immunity to Besnoitia and vice versa. These observations, together with those of others (21, 22, 33) , indicate that infections with Toxoplasma and Besnoitia are not controlled through nonspecific activation of macrophages. The idea that immunity is specifically induced, but nonspecifically expressed, has been derived from infections with Listeria, Mycobacterium, Brucella, and Salmonella (7, 24, 25, 32) . This has been explained on the basis of immunologic nonspecificity, but we favor the idea proposed by Minden et al. (27) that antigenic cross-reactivity accounts for most of this cross-immunity. An additional difference is probably due to the scale used to measure immunity, i.e. the number of parasites-above the nonimmune level-against which a cell or animal must be protected before calling it immune (13) . This points out the importance of using appropriate experimental models in formulating immunological concepts.
To determine whether cortisol had its major effect on lymphocytes or macrophages, two series of experiments were performed. First, cortisol was given to hamsters before cells were harvested and, second, cortisol was added at various times to cells in vitro.
Results from the first type of experiment ( Fig. 4 and 5) indicate that lymphocytes from immune hamsters given 20 mg of cortisol s.c. 2 days before the harvest of PEC were unable to arm macrophages in vitro. Macrophages from these same hamsters, however, could be armed by lymphocytes from untreated immune donors. The difference in susceptibility to cortisol between macrophages and lymphocytes could be due either to a greater resistance of macrophages to cortisol, to a relative decrease in the number of peritoneal lymphocytes capable of arming macrophages through lysis, through migration to another compartment, or to a failure of immune lymphocytes to enter the peritoneum.
It appears unlikely that lysis alone can account for the decrease in arming ability by lymphocytes from immune hamsters. We did find an overall decrease in the number of peritoneal lymphocytes that could be isolated from hamsters treated with cortisol, but this was compensated for in our in vitro experiments by using the same ratio of lymphocytes to macrophages regardless of cortisol treatment. We also found that lymphocytes from immune hamsters were no more susceptible to the lytic effects of cortisol than lymphocytes from normal hamsters, making it unlikely that immune lymphocytes are preferentially destroyed by cortisol. Several workers showed that cortisol affects lymphocyte traffic (3, 9, 10, 23, 28) . This and possible alteration in cell function could account for our observations.
In the second experiment, to determine more directly the effects of cortisol on lymphocytes and macrophages, cortisol was added to the culture medium. By using levels of cortisol about 15 [14] ), and 1.1 to 1.5 times higher than that in adrenal vein blood (-0.3 to 4.5 ,tg/ml [14] ), we found that 5 jug of cortisol per ml inhibits immune lymphocytes from arming macrophages but has no effect on macrophages once they are armed ( Fig. 7 and 8) .
However, higher levels of cortisol (20 Iug/ml) also have an inhibitory effect on armed macrophages. These results indicate that lymphocytes are more sensitive to cortisol than are macrophages. They further suggest that adrenal infection-necrosis due to the local immunosuppressive effects of endogenous cortisol, leading to the equivalent of Addison's disease in hamsters (11) , could result from dysfunction of mediator lymphocytes or similar corticoidsensitive cells.
North (29) , by using a Listeria-mouse system to detect the effects of cortisone on immunity, found that mice with established immunity to Listeria that are given cortisone will survive challenge only if given lymphocytes from immune donors. Since macrophages are ultimately responsible for eliminating Listeria, he concluded that the cortisone treatment did not eliminate the macrophages but rather the lymphocytes. Thus, immunity to Listeria could be restored in cortisone-treated mice with the transfer of immune lymphocytes alone; he concluded, therefore, that lymphocytes are more sensitive to corticoids than are macrophages.
Quite the contrary conclusion was reached by other investigators, however. Weston et al. (37) , for example, by using guinea pig cells, showed that cortisol does not inhibit the release of macrophage aggregation factor (MAF) from lymphocytes but does inhibit the macrophage response to MAF. Similar observations were made on MAF in mice (4). Balow and Rosenthal (1), also using guinea pig cells, showed that cortisol does not affect the release of migration inhibitory factor from lymphocytes but does affect the macrophage response to the migration inhibitory factors. These workers concluded, therefore, that cortisol has its major effect on the macrophage in correlates of delayed hypersensitivity.
Differences in the observations made in our experiments and those just mentioned may be due to differences in the corticoid sensitivity of the animals used (34) , or in the various lymphocyte functions in different hosts. Guinea pigs are at least 10 times more resistant to corticoids than are hamsters (15) , and it appears hazardous to compare functions that operate at such distinctly different levels. Also, we cannot readily compare corticoid action on lymphokine release with its action on specifically expressed cellular immunity; the latter is not mediated by lymphokines in the current sense of the term, i.e., specifically induced but nonspecifically expressed. So far we have no comparison of corticoid effects on the two functions by the same investigator. The observations on mouse lymphocytes releasing MAF in the presence of 10 ,ug of cortisol per ml, with 0.1 tug/ml inhibiting the arming of macrophages (4), appears inconsistent with observations in Listeria-infected mice (29) . In terms of expression of cellular immunity to infectious agents, there appears to be agreement between our results with hamsters and those of North (29) with mice. That is, in relation to cellular immunity, lymphocytes are more sensitive to corticoids than are macrophages.
High levels of cortisol also impair the destruction of antibody-treated parasites by macrophages. It has been shown previously (22) that Toxoplasma that have been incubated in heat-inactivated antibody before being used for infection are digested by immune as well as nonimmune macrophages. To determine if cortisol had any effect on this antibody-mediated response, antibody-treated organisms were used to infect activated macrophages in the presence of cortisol. Results from these experiments ( Fig. 9 and 10 ) indicated that high levels of cortisol (i.e., .50 tug/ml) will allow the uninhibited growth of organisms. The mechanism by which this takes place may be related to the finding that corticoids increase the stability of lysosomal membranes (26) and inhibit the fusion of lysosomes with phagosomes (36), or they may exert their effects, as in polymorphonuclear leukocytes, by inhibiting metabolism rather than by stabilizing lysosomal membranes (30) . In either way, high levels of cortisol may inhibit the parasiticidal capacity of macrophages, making them incapable of digesting antibody-coated Toxoplasma, thereby allowing time for the antibody to dissociate from Toxoplasma and normal multiplication to resume. The effect of cortisol on impairing the destruction of antibody-coated parasites has also been observed in vivo, when immune hamsters given cortisol experienced fatal relapse in spite of high levels of circulating antibody (17) . 
